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Steps along the pathway of V(D)]J recombination

MARTIN GELLERT anp J. FRASER McBLANE

Laboratory of Molecular Biology, National Institute of Diabetes and Digestive and Kidney Diseases, Building 5, Room 241,
National Institutes of Health, Bethesda, Maryland 20892, U.S.A.

SUMMARY

The mechanism of lymphoid-specific gene rearrangement (V(D)] recombination) is discussed, with a
focus on the existence of broken DNA intermediates. Older evidence in support of this idea includes the
sequence alterations at the recombined junctions and the presence of aberrant recombinants. More
recently, broken DNA molecules have been directly detected in recombinationally active cells. The signal
sequence ends have normal blunt-ended DNA breaks, but the coding ends have a hairpin (self-joined)
structure that provides an explanation for the self-complementary P nucleotide insertions often found after

V(D)]J joining in the antigen receptor genes.

1. INTRODUCTION

During the development of lymphoid cells, a series of
DNA rearrangements puts functional immunoglobulin
and T-cell receptor genes together from the gene
fragments existing in germline DNA. Because of the
many possible choices of the V, D, and J segments that
are joined, these DNA rearrangements are responsible
for generating much of the diversity of the immune
system (Tonegawa 1983 ; Blackwell & Alt 1988; Gellert
1992; Kallenbach et al. 1992). This article will compare
the reaction, which is generally called V(D)J re-
combination, with other recombination systems for the
purpose of gaining some insights about its mechanism.
V(D)]J joining always occurs at the boundaries
between a pair of coding segments and the recom-
bination signal sequences that adjoin them. These
signal sequences are made up of conserved heptamer
and nonamer motifs (their consensus sequences are
CACAGTG and ACAAAAACC), separated by a
spacer of 12 or 23 (41) base pairs (b.p.) of non-
conserved sequence. Joining is efficient only when the
two signals have different spacer lengths (the 12/23
rule). The coding segments become fused in a structure
called a coding joint, and the signals are joined by
fusing heptamer to heptamer (a signal joint). Because
the coding side of the recombination site is not
specifically recognized (almost any sequence can be
used), a coding joint looks much like random-sequence
DNA, and could not be identified as resulting from
V(D)]J recombination unless one knew its history.

2. SIGNIFICANCE OF INEXACT JOINING

Some clues about the reaction come from the structures
of the recombined junctions. Although signal joints are
normally precise fusions of the two signal sequences,
V(D)]J coding joints are remarkably imprecise. Often a
few bases from one or both ends have been lost, and
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several bases of non-germline DNA have been inserted.
It is well known that these alterations are responsible
for a large share of immune system diversity because
the sequence around the junction forms part of the
antigen binding site in both immunoglobulins and T-
cell receptors. By contrast, most types of site-specific
recombination (such as those catalysed by the integrase
and resolvase enzymes) exchange DNA strands pre-
cisely, without loss or gain of nucleotides.

The imprecision of coding joints gives indications
about the reaction mechanism. It means that there
cannot be close coupling (by protein-DNA bonds or
other means) of the beginning and end of the process.
At some time in between, the ends of the coding
sequence must be available for modification. Fur-
thermore, as a result of the increasing number of
sequenced junctions, it is now possible to distinguish
two types of insertions, one non-templated and one
whose sequence depends on the attached coding end.
Non-templated sequences up to 15 nucleotides long
(called N regions) are added by the enzyme terminal
deoxynucleotidyl transferase (TdT), which is expressed
mainly in the early lymphoid cells where V(D)]J
recombination occurs. In situations where TdT is not
expressed, such as fibroblasts where V(D)]J recom-
bination is activated by expression of the RAGI and
RAG2 genes, coding joints are formed without N
regions, but the recombination process is otherwise
normal (Kallenbach et al. 1992). Similarly, in mice
with a disruption of the TdT gene, V(D)]J joining
proceeds normally except that N regions are absent
(Gilfillan et al. 1993; Komori et al. 1993).

A second class of templated insertions is more
enlightening; it adds DNA with a sequence related to
the attached coding end. It was noted that commonly
one or two nucleotides complementary to the last
base(s) of the coding end are added but occasionally
longer, complementary inserts of 3 to 5 nucleotides are
found (Lafaille et al. 1989; McCormack et al. 1989).
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These ‘P nucleotide’ insertions (P for palindromic)
have been useful in clarifying the reaction mechanism.
Most or all of them are attached to coding ends that
have not lost any nucleotides, implying that the
addition occurred early in the recombination process,
before any removal of bases. Furthermore, comple-
mentary insertions are most likely to result from the
resolution of a DNA hairpin precursor; as is discussed
below, these DNA structures have actually been
observed.

3. DNA WITH DOUBLE-STRAND BREAKS

The variability of coding joints implies that DNA with
double-strand breaks might well be an intermediate in
the reaction. Support for this idea also comes from a
class of aberrant products of V(D)]J recombination, in
which a signal sequence becomes attached to the
coding segment that originally flanked its partner
signal. It seems that the recombining pieces are at the
same time available for joining in either a correct or an
incorrect configuration. These ‘hybrid joints’ (Lewis et
al. 1988; Morzycka-Wroblewska et al. 1988) can
represent more than 209, of all the recombination
events in some artificial substrates.

A search for broken DNA associated with V(D)]J
recombination was thus plausible, and recently such
broken molecules have been detected in mouse lymph-
oid cells, at the TCRS locus (Roth et al. 1992), at the
immunoglobulin loci (Schlissel et al. 1993), and at the
TCRp locus (J. F. McBlane, unpublished results). An
initially puzzling result was that all of the broken DNA
at TCRSY in cells of normal mice corresponded to signal
ends only, although each primary breakage should
liberate both a signal and a coding end. The puzzle of
the missing coding ends was solved when DNA from
sctd mice was looked at. Mice with the scid defect lack
mature B or T cells, and only occasionally have correct
V(D)J rearrangements in their antigen receptor genes
(Schuler et al. 1986; Bosma & Carroll 1991). In scid
lymphoid cell lines, a defect in V(D)J recombination
can readily be shown, and it is apparent that the two
types of junctions are very differently affected.
Although signal joints are made at a normal rate, very
few coding joints are completed (Lieber et al. 1988;
Blackwell e al. 1989). Thus it must still be possible to
initiate V(D)]J recombination in scid cells, but a later
step in the pathway to coding joints is apparently
blocked.

In DNA from scid cells, it is found that both the
broken coding end and signal end resulting from
cleavage at the same site are detectable (Roth et al.
1992). One presumes this is because the coding ends in
scid cells are prevented from joining and thus have a
longer life. In fact, coding ends and signal ends are
present in comparable amounts.

4. HAIRPIN DNA IN V(D)J
RECOMBINATION

The striking result is that the coding ends have the
hairpin DNA structure anticipated from the presence
of P nucleotides; they are closed back on themselves,
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apparently with the 5" end at the break joined to the 3’
end of the complementary strand (Roth et al. 1992)
(see figure 1). Broken coding ends have been detected
at three sites in the TCR3 locus, and in each case they
are covalently sealed in this way. Hairpins are strange
structures to be recombination intermediates, because
they cannot take part in joining without first being re-
broken, but the presence of P nucleotides provides
compelling evidence for this pathway. Figure 1 shows
in more detail how the off-centre nicking of a hairpin,
followed by fill-in of the shorter strand, would naturally
result in adding complementary bases to the coding
end. Studies of the structure of hairpin DNA have
shown that a hairpin cannot be double-stranded all the
way to its tip, because of the constraint of turning the
chain back on itself. In a fully self-complementary
DNA, at least two and more probably four bases have
to be unpaired, and may then be recognized and
nicked, perhaps off-centre, by a single-strand-specific
nuclease. This model was originally suggested to
explain the self-complementary insertions (quite simi-
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Figure 1. A scheme for the processing of hairpin intermediates
to generate self-complementary insertions. The drawing
shows the joining of two coding segments labelled D and J. In
the top panel, the last two base pairs of D and the first two
base pairs of J are shown. The DNA is cleaved at both
signal/coding borders, leaving a hairpin structure with four
unpaired bases on each coding end. A nick on one side of
each hairpin, one base from the terminus on the left and two
bases on the right (at the sites marked by the small arrows),
leaves single-stranded tails whose last one or two nucleotides
are complementary to the original end. If the normal
convention is used that the top strand reads 5" to 3’ from left
to right, the ends as drawn can be filled in by a DNA
polymerase. Later nucleotide removal by an exonuclease or
addition by TdT could occur before joining, but is not shown
here. To simplify the figure, the signal ends are not shown
after breakage. The self-complementary (P nucleotide)
insertion is indicated in the bottom panel.
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Figure 2. A possible scheme for V(D)J recombination
involving a covalent protein—-DNA intermediate. The tri-
angles represent the signal sequences, and the dark ellipses
indicate bound protein molecules. As drawn, the first nick at
each signal/coding border attaches a protein to the 5" end of
the coding DNA and leaves a free 3" end on the signal. A nick
on the other strand then results in a blunt end on the signal
and yields a 3’-hydroxyl end on the coding DNA that is
capable of attacking the protein-DNA bond, displacing the
protein and generating a hairpin end.

lar to P nucleotides) found after the excision of
transposable elements in plants (Coen et al. 1986). The
hairpin processing may not always leave a P nucleotide
trace, because the nick can also be in the exact centre
of the hairpin and leave no overhang. Alternatively, a
P nucleotide tract initially formed could be trimmed
off during later processing of the end.

How might hairpins be formed? A number of known
biochemical reactions can couple cleavage of a DNA
bond with rejoining to the same DNA or a new DNA
partner. This is the well-known activity of topoiso-
merases, and a speculative model based on this class of
enzymes is presented below. All topoisomerases share
the same basic mode of operation. While breaking
DNA, the protein attaches to one broken end, usually
through a phosphoryl-tyrosine bond, and then this
protein-DNA bond activates the DNA end for re-
joining to either the same or a different partner DNA.
Some of these enzymes and their close relatives (for
instance the nicking-joining enzyme of vaccinia virus
(Reddy & Bauer 1989) and the A* protein of phage
$X174 (van der Ende ef al. 1981)) are known to be
capable of generating DNA hairpins. Hairpins can also
result from the reaction of the topoisomerase-like
phage A Int or yeast Flp recombinases, when they act
at damaged recombination sites (Nash & Robertson
1989; Chen et al. 1992).

In the hypothetical scheme (Roth e al. 1993) shown
in figure 2, the protein that nicks at the signal-coding
border ends up attached to the coding DNA. A
subsequent nick (without protein attachment) on the
other strand leaves a DNA end capable of attacking the
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protein-DNA bond, making a hairpin and liberating
the bound protein. This scheme is preferred to an
alternative involving a second protein-DNA bond
that, by chemical symmetry, would leave a bound
protein on one strand of the signal end. The preference
derives from recent experiments probing the structure
of broken signal ends in more detail. These experiments
have shown that the signal ends have the simplest
possible structure: almost all of them are cut at the
border of the signal sequence and at the same position
on both strands, leaving blunt ends. Furthermore, the
ends are available for ligation to (non-phosphorylated)
adapter fragments of DNA, and so must be free of any
interfering protein fragments, the exposed 5 ends
carrying a phosphoryl group (Roth et al. 1993 ; Schlissel
et al. 1993).

This is by no means the only possible mechanism.
Another class of DNA strand—transfer enzymes, typi-
fied by the phage Mu transposase, can activate and
transfer a DNA end without covalent linkage at any
stage (Mizuuchi 1992). Such a process would avoid the
need for an unsymmetrical reaction posed by the
scheme shown in figure 2.

Until now we have discussed the formation of
hairpin ends, but we also have to inquire how they are
processed once made. One starting point is to ask why
hairpins accumulate in scid cells. It is possible that the
scid defect arrests the normal processing of hairpin
DNA, blocking the pathway leading to coding joints at
this stage. An observation consistent with this idea is
that among the rare coding joints found in scid cells,
some contain P nucleotide tracts much longer than
those in normal cells, with up to 15 added nucleotides
perfectly complementary to the adjoining coding
sequence (Kienker ef al. 1991; Schuler e al. 1991). In
rare cases, this hairpin processing defect might be
bypassed by a random nick further from the tip,
leading to a junction with a long stretch of P
nucleotides. However, the observation that hairpin-
ended DNA transfected into scid cells is rejoined with
normal efficiency (Lewis 1994) does not agree with this
model, leaving only the possible reservation that
transfected DNA may be subject to different processing
from DNA resident in the nucleus.

The exact role of the scid factor in V(D)J re-
combination is still unknown. However, it has become
clear that the scid factor operates more generally in
DNA repair. It is widely expressed, as shown by the
fact that non-lymphoid scid cell lines are hypersensitive
to X-rays and defective in DNA double-strand break
repair (Fulop & Phillips 1990; Biedermann ef al. 1991;
Hendrickson et al. 1991). The role of a general repair
function in V(D)J joining is made more plausible by
recent observations that mutations in several other
DNA repair genes also induce a defect in V(D)]J
recombination (Pergola et al. 1993 ; Taccioli et al. 1993
Taccioli et al. 1994). One class of these mutations has
now been shown to affect the Ku protein that is known
to preferentially bind to DNA ends (Getts & Stamato
1994; Rathmell & Chu 1994).

Double-strand breaks can be initiating events in
homologous recombination. In those cases, the broken
ends invade the unbroken DNA partner leading,
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eventually, to the formation of a Holliday junction. In
V(D)J recombination there is no partner capable of
donating a homologous sequence bridging the final
junction, so that the usage of the broken molecules
must be quite different. Because they carry no
recognition sites, the coding ends in particular may
plausibly be joined by a process with many features
common to the repair of double-strand breaks resulting
from DNA damage. This could account for the linkage
to multiple repair functions. In this context, the DNA
hairpin intermediates remain enigmatic. It would be
surprising if damaged DNA commonly passed through
a hairpin stage on its way to repair, so it is unclear how
the hairpins generated by the V(D)]J process become
engaged with the repair machinery. However, the
possibility that hairpin structures are used in the repair
of some forms of DNA damage has not been sys-
tematically tested, and may be worth pursuing.

We are grateful to the members of our laboratory for many
valuable discussions.
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